The surface structure and morphology of the clean Re(11 % 21) surface has been investigated through combined low energy electron diffraction intensity analysis of data taken at multiple angles of incidence, scanning tunneling microscopy, and first-principles density functional calculations. The results
Introduction
Understanding the structure of solid surfaces is a key requirement for the development of new technologies based on controlling the structure and growth of nano-materials 1 and the engineering of interfaces in device structures. Recently, synchrotron-based scanned energy mode photoelectron diffraction has been used to identify chiral terminations. 2 Here we show how relatively modest and common surface science laboratory based equipment can equally be deployed to probe chiral surfaces of interest in enantioselective catalysis. 3 In this work we concentrate on a detailed experimental structural determination of the Re(11% 21) surface, the first for such a complex surface of a hexagonal close packed metal (hcp), which is structurally more diverse than chiral face centred cubic (fcc) surfaces. [4] [5] [6] Ideal terminations of the hcp crystal yield chiral surfaces of great interest and potential for their ability to direct stereochemical reactions for the production of enantio-pure feedstocks by heterogeneous catalysis. 3 However, the two atoms of the hcp basis often yield two possible ideal surface terminations separated by monoatomic steps. 7 For the (11% 21) orientation the surface energies are degenerate and the clean surface of a physical crystal is expected to be racemic, having equal areas of both left-and right-hand chiral terraces.
The primary interest in this surface to date, however, has not been the chiral terminations themselves but rather the adsorption of atoms and small molecules (O, N from NH 3 , 8,9 C, C 2 H 2 and CO) which lead to extensive faceting of the surface. Recent notable works include a detailed study of oxygen-induced faceting with orientations dependent on the coverage and sample temperature by Wang. 8 Room-temperature exposure up to 60 L (1 L = 10 À6 Torr second) followed by brief annealing at 1000 K induces the formation of zig-zag step bunches representing a half facetted surface. For exposures up to 60 L at elevated temperatures, the surface forms similar but larger facets. Exposure to 60 L or more at elevated temperature generates a fully facetted surface covered with four-sided nanoscale pyramids. On heating the surface to 2300 K all facets disappear and the surface reverts to being planar. Extensive work on Re(11% 21) and other high-index Re surfaces 10 has shown that the driving force for the formation of these facets is the anisotropy of the surface free energy, which depends on oxygen coverage. Nitrogen similarly produces a facetted surface.
The control of facetted surface structure has very recently enabled the production of highly active electro-catalytic surfaces. Carbon deposited by C 2 H 2 decomposition induced faceting into three-sided nanopyramids, which enabled the growth of templated platinum nanocrystals exhibiting higher activity for hydrogen evolution reaction than Pt(111). 11 In this work we present the first experimental determination of the clean surface structure of a non-faceted chiral terrace termination from a racemic crystal, which demonstrates that the surface does indeed expose both surface terminations simultaneously. We also show that the earliest stage of oxygen adsorption leads to step bunching as a precursor to the onset of faceting.
Step bunching and adatom mobility could be used to drive the formation of homochiral (11% 21) oriented surfaces. The experimental work is supported by density functional calculations and the results are in good agreement, giving confidence our subsequent predictions of surface stress and the response to applied surface strain.
Experimental
The experiments were performed in a twin UHV chamber with a base pressure of 10 À10 Torr described in detail previously. 12, 13 The Re sample is cleaned by repeated cycles of oxygen treatment at 1500 K for 10 minutes followed by a quick flash to 2300 K. Finally two flashes are required to remove any residual oxygen from the surface. The cleanliness of the surface is confirmed using X-ray photoelectron spectroscopy (XPS), and a sharp low energy electron diffraction (LEED) pattern is observed for clean surfaces, while adsorbed oxygen leads to a pattern indicative of faceting. Oxygen coverage estimates were established from comparison of the integrated area of O 1s to Re 4p 1/2 peak ratio to the same ratio for a complete (2 Â 1) 0.5 ML structure of O on Re(0001). LEED-IV experiments were performed using multiple angles of incidence (01, +101 and À71) at room temperature. The intensities of 18 diffraction spots were recorded between 75 and 200 eV at each incidence angle, cumulating to a total energy range of 5429.5 eV. All LEED-IV curves were fitted simultaneously to model calculations using the CLEED program package. 14, 15 Because of the small interlayer spacing of 0.659 Å the combined space or ''giant matrix inversion'' method 16 had to be employed for the entire surface instead of the less time-consuming layerdoubling method, which is usually employed for LEED-IV calculations. 16, 17 The surface was modelled by using a stack of 16 layers (B10.5 Å). The structure was optimised by relaxing the top 6 layers (x, y and z coordinates) and the polar and azimuthal angles. The agreement between the calculated and the experimental curves was quantified using Pendry's R-factor (R P ) and the uncertainties associated with each geometry parameter were determined using the reliability of the R-factor (RR). 18 Scanning tunneling microscopy (STM) was performed using high tunneling currents and low bias voltages in order to obtain atomic resolution images.
Computational
First-principles density functional calculations were performed using the CASTEP computer code. 19 Electronic wavefunctions were represented within a planewave basis set, employing a cutoff at a kinetic energy of 340 eV. The electron-ion potential was described within the ultrasoft pseudopotential scheme of Vanderbilt, 20 with 15 electrons per atom treated as valence electrons. The exchange-correlation interaction was included through the Perdew-Wang (PW91) functional. 21 Periodic boundary conditions were imposed, based upon a supercell of length equivalent to 64 (11% 21) layers and cross-section spanned by the shortest lattice vectors along the [10% 13] and [01% 13] crystallographic directions. Using theoretical lattice constants of a = 2.753 Å and c = 4.439 Å, obtained from bulk calculations carried out with similar precision, the length of the supercell was therefore set at 42.07 Å, while its short dimensions measured 5.22 Å and were separated by an angle of 125.71. The Brillouin zone corresponding to this supercell was sampled with an 8 Â 8 Â 1 Monkhorst-Pack mesh. 22 Within this supercell, the surface was modelled by slabs of 36, 38, 40, 42, 44, 46 or 48 layers; the vacuum region between adjacent slabs was thus never less than 12.2 Å across. In each case, the central 24 layers were held fixed at their ideal bulk positions, meaning that 6, 7, 8, 9, 10, 11 or 12 layers on either side of the slab were allowed to relax freely under the influence of the calculated forces. A tolerance of 0.001 eV Å À1 was allowed for the forces, and 0.1 GPa for the individual stress components. Relative atomic positions within the outermost seven layers were found to agree to within around 0.01 Å across all of these calculations, which we therefore believe to be very wellconverged.
Indeed, for the purposes of structural analysis, far fewer layers and a far sparser sampling of reciprocal space would be adequate. The stringent convergence sought here is necessary, however, for the surface stress calculations that we also report.
Results and discussion
The structure of the clean surface
The geometry of the bulk truncated crystal exposes an open surface featuring four undercoordinated atoms, as shown in Fig. 1 . These atoms are arranged in a chiral motif and adding to or removing the uppermost layer of atoms causes the handedness of the surface to switch. Thus monoatomic steps on the surface separate terraces of opposite chirality. However, the common crystallography leads to identical surface nets described by a parallelogram of (5.25 Å Â 4.78 Å) on each terrace, with the atomic basis within each terrace type being related to the other through a mirror operation with respect to the (% 1100) plane and a vertical shift of one interlayer vector.
For ease of reference, the two terminations have been assigned labels XL o and XD o , according to the scheme introduced in ref. 7 . A label beginning with the symbol X, in this scheme, indicates that this surface would display no chiral properties were it not for the presence of more than one atom within the bulk crystal's primitive unit cell. The presence of an additional symbol, L or D, indicates that each termination is designated either left-or right-handed, respectively (as determined by a well-defined, if essentially arbitrary, rule described in ref. 7) . And finally, the subscript ''o'' is an indicator that the two terminations are necessarily degenerate.
With terraces larger or similar to the transfer width of the LEED experiment (B100 Å, see STM data below), the LEED-IV data acquired at three different angles of incidence is an incoherent sum of the diffracted electron waves emerging from each terrace type as no spots are unique to a single terrace. Analysis was performed starting from the bulk crystal structure and it was assumed (and verified by STM) that both terraces were in equal abundance. The normal incidence data were used first to optimise the z-coordinates of the top eight layers and to trial a range of starting positions. The final structure was determined from the simultaneous fitting of the three angles of incidence data through optimisation of the x, y and z coordinates of the top six atomic layers and all polar and azimuthal incidence angles. This search yielded an R P of 0.263. The non-geometric parameters were then adjusted to achieve a better fit at this minimum resulting in R P of 0.260 AE 0.077. The uncertainty associated with each variable was determined by displacing each structural parameter (coordinates) from their minimum positions until the R P value changed by RR Â R P,min while the other parameters were kept at constant. Typical experimental LEED-IV curves and their agreement with the calculated data are shown in Fig. 2 ; the best-fit atomic positions are shown in Table 1 for the XL o termination (the corresponding XD o coordinates being the mirror image of these across a plane perpendicular to the y axis).
The results show that the first interlayer spacing is contracted very significantly, by 32% with respect to the bulk positions, whereas the second interlayer spacing is barely altered. The third interlayer spacing is contracted by 11% followed by a large expansion of the fourth interlayer spacing by 21%. The fifth interlayer spacing shows a 12% contraction. The displacements in the surface-normal direction are thus very similar to those found on the Pt(531) surface 4,6 with a large contraction in the first interlayer spacing and a large expansion in the fourth (À33% and +43% respectively). The only other chiral metal surface structure determined to date, that of Cu(531), 5 shows the same trends but with less dramatic magnitude.
In order to accommodate the large contraction of the first interlayer spacing, we find that the atoms in the top layer move considerable distances laterally (À0.166 AE 0.13 Å) towards the in-plane projection of the third-layer atom, while the second layer shifts a smaller amount in the opposite direction. The lateral relaxations effectively straighten the zig-zag row formed by the top two layers. In comparison with the only existing DFT calculation in the literature 23 the overall contraction summed over the first two interlayer spacings is in good agreement. However, the individual values of the two interlayer spacings differ significantly. The DFT calculations in ref. 23 predict that the first interlayer spacing contracts by À15% and the second by À20%, versus À32 AE 10% and 0 AE 7% from LEED. Both experiment and DFT agree on a large expansion of the fourth interlayer spacing. In ref. 23 no lateral movements were reported, so we performed new detailed DFT calculations to fully consider the lateral movements of the atoms in the surface.
Our DFT results (for the 48-layer slab) are shown as displacements from bulk positions, 24 alongside the experimental results, in Table 2 . The r.m.s. distance between atomic coordinates of measured and calculated position in each layer are shown to facilitate discussion. Very good agreement is achieved for the pattern of movements of the atoms. In particular the lateral displacement of the top atom, À0.186 Å for theory vs. À0.166 Å for experiment agrees well within experimental error. The calculated interlayer relaxations in the surface-normal direction are d 12 = À14%, d 23 = À21%, d 34 = À14%, d 45 = +25%, d 56 = À9%, d 67 = À5%, d 78 = +0% and d 89 = +5%. ‡ Thus, even when lateral displacements are considered, the calculations agree with those of Kaghazchi and Jacob 23 in predicting a contraction of the second interlayer spacing that is significantly larger than found in experiment. A similar discrepancy occurs in the comparison between experiment and DFT for the Pt(531) surface, where the combined relaxations of the top two spacings agree well but are more evenly spread in DFT than experiment (in which the top interlayer spacing dominates the relaxation 4 ). This is also apparent here, where the total contraction of the top two interlayer spacings is comparable between LEED and DFT, but the DFT results spread this evenly whereas in experiment it is concentrated in the first interlayer spacing. The origin of the discrepancy between DFT and LEED interlayer separation, which appears to be systematic, may well be a dynamic effect caused by thermal vibrations of the very open surface atoms, which is not included in the DFT calculations. Our optimal LEED fit has quite large r.m.s. displacements in the first and second layer atoms (0.11 Å and 0.08 Å respectively). Further work, for example conducting the experiment at low temperature, would be required to resolve this issue. Table 1 The final results obtained for LEED-IV calculations of the structure of the clean Re(11 % 21) surface using simultaneous fit of three datasets taken at different incident angles (polar angles: 01, +101, À0.046 À0.002 À0.024 À5 LEED-DFT distance = 0.043 ‡ Test calculations within the local density approximation (LDA) gave almost identical interlayer relaxations of d 12 = À16%, d 23 = À22%, d 34 = À15%, d 45 = +24%, d 56 = À7%, d 67 = À3%, d 78 = À0% and d 89 = +3%, giving us confidence that our results are not very sensitive to the particular choice of functional that we made.
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Overall, the atomic positions show remarkably good agreement, to within 0.07 Å, for all layers other than the second, which lends confidence to the finding of an unexpectedly large lateral displacement of the top most atoms.
STM
The STM images of the clean sample ( Fig. 3) show very flat surfaces, with an r.m.s. roughness of just 0.65 Å, composed of irregular terraces separated by step edges that show no clearly preferred orientation. Atomic resolution STM imaging of the surface shows the atoms in each terrace with very low corrugation (Fig. 3b ). The step heights between the terraces are measured to be B0.6-0.8 Å, which is consistent with one interlayer spacing. There are significant numbers of adatoms and small clusters of adatoms on the surface. The large number of step edges may be considered to arise due to the very low co-ordination of the outermost atoms. Atoms have the same coordination at step edges, within an island as part of a terrace or even as an adatom on the terrace so there are not expected to be large energy differences in the stabilities of these structures.
In the presence of a low coverage of oxygen (either deliberately adsorbed or due to residual oxygen from incomplete cleaning, measured by XPS to be B0.2 ML or 3.6 Â 10 14 atoms cm À2 ) the flat morphology remains. In large area images such as Fig. 3a , the surface topography was found not to exceed 6 Å in height from the background plane. However, a global planar background subtraction is misleading, as Fig. 4a reveals. A local plane fit to an apparent terrace shows that the surface contains a multitude of short straight step edges running along the [2% 1% 1% 3] direction which terminate abruptly. The height of these steps is on average around 3.38 Å which encompasses approximately 5 interlayer spacings. At first sight the short sections appear to be terminated by pairs of screw dislocations at either end. However on closer examination of the terraces, Fig. 4b , we see the different contrast in the highlighted region of the image due to terraces separated by irregular steps (B0.7 Å high) which are difficult to discriminate at this scale. There are also shorter sections of step bunches that run in the [% 12% 1% 3] direction and join the other bunches to form pointed step structures.
By increasing the oxygen coverage on the surface we find that the length and frequency of occurrence of both the straight step-bunch segments and the step-bunches forming a point increases. A zig-zag step bunch morphology (see Fig. 5 at B1 ML or 1.8 Â 10 15 atoms cm À2 ) rapidly forms. The direction of the step bunches in the surface plane ([% 12% 1% 3] and [2% 1% 1% 3]) is consistent with the formation of microfacets just a few atoms wide of the {10% 10} family of planes. Interestingly, the [% 12% 1% 3] and [2% 1% 1% 3] directions either run along or across the close packed rows defined by the top two atoms in the XL o and XD o terminated terraces. Thus the {10% 10} family of microfacets may terminate at a terrace either along a row or at an oblique angle to these atomic rows. These different atomic configurations are not expected to be degenerate. Creating a microfacet furthermore requires the addition or removal of substrate atoms which, for the (11% 21) surface, will change the terrace handedness if a single (or odd integer) number of layers is removed. Thus we expect the local terrace geometry to influence 20828 Phys. Chem. Chem. Phys., 2013, 15, 20823--20829 This journal is c the Owner Societies 2013 the initial stages of facet formation. This sensitivity is probably the cause of the complex step bunch morphology, with ''pseudo'' screw dislocation formation, and the reason most surface structures appear to be step bunches composed of multiple layers. Ultimately the fully facetted surface appears after extensive exposure to oxygen at elevated temperature and is reported to contain pyramids of (10% 10), (01% 10), (10% 11) and (01% 11) oriented facets. 8, 11, 23, 25 Thus we conclude that the step-bunches are caused by oxygen adsorption and that the step bunching is the pre-cursor to a micro-facetted surface matching that observed in ref. 25 . While the intersection of the microfacets and surface now lead to a clearly zig-zag surface morphology the surface also shows bands of step edges and terraces running approximately parallel to [% 1100]. More prolonged exposure drives the surface into the thermodynamically stable fully facetted regime.
Surface energy and stress
To investigate how one might lift the degeneracy of the two chiral surface terminations, we have used first-principles calculations to assess the surface energy and surface stress components. Values of the total supercell energy per unit crosssectional area and in-plane two-dimensional stress are listed in Table 3 . These quantities include surface contributions from either side of the slab, together with bulk contributions that should be linear in the number of layers. Extrapolating back to a hypothetical slab thickness of zero, and dividing the result by two, therefore allows us to extract the contribution from each surface of the slab. The surface energy is then found to be 215 meV Å À2 (3.45 J m À2 ), in excellent agreement with the value of 220 meV Å À2 (3.53 J m À2 ) quoted by Kaghazchi and Jacob, 23 while the surface stress components are s xx = 342.38 meV Å À2 , s xy = À46.93 meV Å À2 and s yy = 102.76 meV Å À2 for the XL o surface termination; the sign of s yy is simply reversed for the XD o termination.
Diagonalising the surface stress tensor, we obtain normal stress eigenvalues of 93.90 meV Å À2 and 351. 24 The normal stress ellipses corresponding to these parameters are shown in Fig. 6 , which emphasises the fact that the stress tensor of a chiral surface termination is not tied to any particular crystallographic axes (cf. the surface stress ellipses calculated previously for a family of chiral bcc surfaces 26 ). For comparison, the isotropic surface stress of Re(0001) has previously been calculated as 212 meV Å À2 , while the anisotropic stress of Re(10% 10) was calculated to have eigenvalues 221 meV Å À2 and 309 meV Å À2 along and across its close-packed atomic rows respectively. 27 Now, these parameters imply that the normal stress difference between the XL o and XD o terminations is maximised along axes running at 151 from the [11% 2% 6] direction. For an axis running 151 clockwise from [11% 2% 6], the XL o termination will have a normal tensile stress of 341.63 meV Å À2 , while the same property for the XD o termination will take a value of just 188.80 meV Å À2 , the situation being reversed along an axis running 151 anticlockwise from [11% 2% 6] . In either case, the normal stress difference amounts to 152.83 meV Å À2 .
To determine whether this stress difference is of any practical significance, we note that, to first order, the energy difference that develops between the two enantiomeric terminations under the application of a uniaxial normal surface strain will simply equal the difference between their surface stresses along the axis of strain, multiplied by the fractional strain. A 1% tensile strain directed along an axis 151 clockwise from the [11% 2% 6] direction would therefore generate an energy difference of 0.0015 meV Å À2 in favour of the XD o termination, with the reverse being true for a strain directed 151 anticlockwise from [11% 2% 6] . For reference, the calculated surface energy difference favouring the missing row (1 Â 2) reconstruction on the Pt(311) surface also amounts to just 0.0015 meV Å À2 , and yet this is distinctly favoured over the (1 Â 1) phase in experiments. It therefore seems likely that a modest strain, amounting to just a few percent, may well be able to drive this surface towards a single chiral termination. Varying the direction of this strain would allow the chirality to be swapped at will, albeit possibly subject to simultaneous annealing.
Summary and conclusion
The experimental LEED and STM results confirm that this surface is globally racemic: that is, terminated by two chiral terrace structures that are stereoisomers and degenerate in energy. The surface atoms in each chiral hcp terrace are found to relax in a similar pattern to the chiral fcc(531) Pt and Cu surfaces (which are uniterminated) with a large 32% contraction of the first interlayer spacing, negligible changes in the second interlayer spacing, an 11% contraction of the third interlayer spacing, followed by a large expansion of the fourth by 21%. The top-layer atoms also move laterally to a substantial degree. The quantitative LEED structure results are supported by DFT calculations with excellent agreement apart from the second layer. The clean surface is surprisingly flat and has a very low r.m.s. roughness. The surface does, however, display a multitude of small terraces. Adsorption of oxygen, and other small adsorbates, is well known to induce faceting of this surface. We have shown that the earliest stage of oxygen adsorption leads to step bunching, re-organisation of the terrace structure and the establishment of {10% 10} microfacets that decorate the surface giving the appearance of short stepped sections running in the [% 12% 1% 3] direction. Increasing the surface coverage of O atoms extends the length of the step bunches and allows new [2% 1% 1% 3] directed segments to grow which eventually lead to the partially facetted surfaces seen in previous work. While adsorption at elevated temperature leads to large-scale mass transport and faceting, one can envisage at lower temperatures that mass transport of surface Re atoms is facile due to their low coordination on this surface. The two chiral surface terminations are interchangeable through the addition or subtraction of just the uppermost atoms. We suggest that by inducing a bias stabilising one chiral termination over the other, for example through the adsorption of a low coverage of chiral modifiers or application of a magnetic or strain field, it may be possible to induce one set of the uppermost atoms in an unfavourable terrace to migrate to form adatom and vacancy islands on that terrace. Adatom and vacancy islands on an unfavourable terrace will have the opposite (and more favourable) chirality separated by double height step edges. The result would be the creation of a switchable homochiral surface structure built from a racemic crystal, which may be able to controllably direct stereochemical reactions. Our calculations indicate that even a modest strain can lift the degeneracy between terraces of opposing chirality by an amount consistent with the possibility of surface reconstruction. In this work, we have shown that step edges can readily be bunched by adsorbates, and future work will look at inducing bias in chiral surface termination and the stabilisation of even-numbered step bunches.
